Metabolic labeling based on the click chemistry between alkynyl and azido groups offers a powerful tool to study the function of carbohydrates in living systems, including plants. Herein, we describe the chemical synthesis of six alkynyl-modified sugars designed as analogs to D-glucose, D-mannose, L-rhamnose and sucrose present in plant cell walls. Among these new alkynyl probes, four of them are the 6-deoxy-alkynyl analogs of the corresponding sugars and do © 2016. This manuscript version is made available under the Elsevier user license http://www.elsevier.com/open-access/userlicense/1.0/ not possess any 6-OH groups. The other two are based on a new structural design, in which an ethynyl group is incorporated at the C-6 position of the sugar and the 6-OH group remains. The synthetic routes for both types of probes share common aldehyde intermediates, which are derived from the corresponding 6-OH precursor with other hydroxy groups protected. The overall synthesis sequence of these probes is efficient, concise, and scalable.
Scheme 1.
Expanding the toolbox of 6-deoxy-alkynyl sugar probes for metabolic click labeling of oligosaccharides.
The plant cell wall is a particularly enigmatic and interesting structure, which must be strong to ensure the mechanical integrity of plant tissues, but must also permit tightly-controlled nanoscale loosening that results in cell expansion and determines cell shape [11] [12] [13] . The walls of growing plant cells contain four major components: rigid, load-bearing cellulose 14 ; other glycans grouped as hemicelluloses 15 ; acidic gel-forming pectins 16 ; and a variety of proteins 17 . Despite intense current interest in understanding plant cell wall structure and how it changes in vivo, only three examples of click-labeling plant cell wall components have been reported 8, 18 . In the first study, researchers used a fucose analog 1, 6-deoxy-alkynyl fucose (6AF), as a chemical reporter for pectin (Scheme 1A) 8 . Alkyne groups in the apoplast were then detected with azide-modified probes, taking advantage of the rapid, selective copper-catalyzed alkyne-azide cyclization (CuAAC) reaction. With this method, pectin delivery and distribution can be monitored in diffusely-expanding cells.
In the second study, the authors used azido 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) to label another form of pectin 18 , and in the third study, we reported the use of 6-deoxy-6-alkynyl glucose to label an unknown wall component in the tips of root hairs 19 . In the present study, we describe the chemical synthesis of six additional alkyne-carried sugars designed as analogs to three other sugars that present in plant cell walls (Scheme 1B) : glucose, which forms the backbone of cellulose and xyloglucan; rhamnose, which is a 6-deoxy-sugar component of two pectin polysaccharides, rhamnogalacturonan-I and rhamnogalacturonan-II [20] [21] [22] ; and mannose, which is present in glycosylated proteins and also in mannans, a hemicellulose class that is enriched in walls that are deposited after the cessation of cell growth 4 . Among these new alkynyl probes, four are the 6-deoxy-alkynyl analogs of the corresponding sugars and therefore do not possess 6-OH groups. The other two are based on a new structural design, in which an ethynyl group is incorporated at the C6 position of sugar, and the 6-OH group remains. The synthetic routes we developed featuring the use of methoxymethyl (MOM) and triethylsilyl (TES) protecting groups are efficient and concise. Although they were originally designed to report on plant cell wall polysaccharides, these sugar analogs could prove to be useful reporters for polysaccharides in diverse living systems.
Results and discussion

Synthesis of 6-alkynyl aldohexoses 2, 3 and 4
Although a number of azido-substituted analogs for common monosaccharides have been synthesized and even commercially available, we previously found that 6-deoxy-azidofucose is not efficiently incorporated into plant cell walls as compared to 6-alkynyl fucose 1(6AF). 8 Thus,
we have sought to expand the toolbox of 6-alkynyl monosaccharides to allow for the study of wall polysaccharides that contain other aldohexoses and deoxyaldohexoses, such as glucose, galactose, xylose, rhamnose, and arabinose. An initial strategy to prepare the 6-alkynyl aldohexoses is to first selectively oxidize the 6-OH group to an aldehyde and then use the Seyferth-Gilbert reaction to install the terminal alkynyl group (Scheme 2A). The key to achieve an efficient and practical synthesis of these compounds is to use proper OH protecting groups, which are compatible with the homologation reaction and also allow facile protection and deprotection. Acetate and benzyl, two of the mostly commonly used protecting groups for sugar synthesis, cannot be used due to the basic conditions required for the Seyferth-Gilbert reaction and the sensitivity of alkynyl group under hydrogenation conditions. Use of two acetonide protecting groups has been successfully applied for the synthesis of 6-akynyl fucose 1 (Scheme 2B) 5 As shown in Scheme 3, the new synthesis strategy for 6-deoxy-alkynyl sugar can be readily applied to the synthesis of 6-deoxy-alkynyl-glucose (6dAG) 2 and 6-alkynyl-rhamnose (6AR) 4.
It should be noted that 6AR 4 was prepared from a L-mannose precursor. In addition to the monosaccharides mentioned above, the disaccharide sucrose is the major transport form for photo-assimilated carbon and is also a source of carbon skeletons for plant organs unable to perform photosynthesis 24 . We hypothesized that sucrose carrying a click-compatible groups could also be potentially used by the plant cell. The synthesis of the 
Synthesis of 6-deoxy-alkynyl sucrose 5
Conclusion
We reported the synthesis of six alkynyl-modified sugar probes designed as analogs to sugars present in plant cell walls. Among these new alkynyl probes, four are the 6-deoxy-alkynyl analogs of the corresponding sugars and do not possess any 6-OH groups. The other two are based on a new structural design, in which an ethynyl group is incorporated at the C-6 position of sugar and the 6-OH group remains. The synthetic routes for both types of probes share common aldehyde intermediates. The aldehydes can either undergo a one-carbon homologation to give the deoxy-alkynyl products or undergo a 1,2-addition with an ethylene reagent to introduce a two-carbon unit at the C-6 position. The overall synthesis sequence of these probes is efficient, concise and scalable. We expect that these probes will find broad application in the metabolic labeling studies of carbohydrates in diverse living systems.
Experimental sections:
General methods
All commercial materials were used as received unless otherwise noted. The tetrahydrofuran and dichloromethane for reaction were obtained from a JC Meyer solvent dispensing system and used without further purification. Flash chromatography was performed using 230-400 mesh 
Synthesis of compound
Compound 9 was prepared according to the reported procedure 23 . To a solution of compound 
2-(Trimethylsilyl)ethyl 6-O-pivaloyl-α-D-mannopyranoside (11)
To a solution of compound 10 (1.20 g, 1.7 mmol, 1 equiv) in MeOH (100 mL) was added K 2 CO 3 (100 mg), and the resulting solution was stirred at rt for 1. After concentration in vacuo to remove the methanol, the residue was re-dissolved in pyridine (50 mL) and cooled in ice-water bath. To the reaction mixture was added pivaloyl chloride (290 μL, 3.4 mmol, 2 equiv) dropwise.
The resulting mixture was stirred at 0 o C overnight, the reaction was then quenched by the addition of MeOH (1 mL). The reaction mixture was concentrated in vacuo, and the resulting residue was purified by silica gel flash chromatography (hexanes : ethyl acetate = 1:1) to give 320 mg of compound 11 as a white foam in 52% yield over two steps. 1 
2-(Trimethylsilyl)ethyl 2,3,4-tri-O-triethylsilyl 6-O-pivaloyl-α-D-mannopyranoside (12)
To an ice-water cooled solution of compound 11 (300 mg, 0.82 mmol, 1 equiv) and (17) 
6-O-tert-butyldimethylsilyl-D-mannose
General procedure for the synthesis of compounds 18, 21 and 24
To an ice-water cooled solution of 6-O-TBDMS sugars (0.40 g, 1.4 mmol, 1 equiv), DIPEA compound 6dAM (3), 6dAG (2) and 6AR (4) The solution of compound 20, 22 or 25 (100 mg, 285 μmol, 1 equiv) in aq. sulfuric acid (10 mL, 0.1% v/v) was stirred at 80 o C overnight. After cooled with ice-water bath, the reaction was neutralized with sodium bicarbonate to pH 7 and concentrated in vacuo. The resulting residue was purified by silica gel flash chromatography (chloroform : methanol = 5:1). (6dAM, 3) : 68% yield, a white solid in. 1 To a solution of sucrose (10.0 g, 29.2 mmol, 1 equiv) and triethylorthoacetate (7.0 mL, 38.1 mmol, 1.3 equiv) in DMF (50 mL) at rt was added 4-methylbenzenesulfonic acid (60 mg, 0.3 mmol, 0.01 equiv), and the resulting reaction mixture was stirred at rt for 3h.To the reaction mixture was added water (50 mL), and the resulting mixture was stirred at rt for 1 h followed by the addition of tert-butylamine (1mL). After stirred at rt for 1.5h, the reaction mixture was concentrated in vacuo, and the resulting residue was purified by silica gel flash chromatography (dichloromethane : methanol = 5:1) to give 4.9 g of compound 29 as a white foam in 44% yield. 1 1. 1',2,3,3',4,4 
6-alkynyl-D-mannose
6-ethynylsucrose octaacetate (34)
To an ice-water cooled solution of compound 6 (10 mg, 27.3 μmol, 1 equiv) in pyridine (1 mL) was added acetic anhydride (52 μL, 546 μmol, 20 equiv), and the resulting solution was stirred at rt overnight. After completion, the reaction mixture was concentrated in vacuo, and the resulting residue was purified by silica gel flash chromatography (hexanes : ethyl acetate = 1:1)
to give 17 mg of compound 34 as a white solid in 88% yield. 1 
6-ethynylglucose pentaacetate (37)
To a solution of trimethylsilylacetylene (147 mg, 1.5 mmol, 3 equiv) in THF (20 mL) under argon atmosphere at -78 o C was added n-BuLi (938 μL, 1.5 mmol, 3 equiv, 1.6 M solution in hexanes), and the resulting reaction mixture was gradually warmed up to 0 o C. To the reaction mixture was added the solution of compound 35 (177 mg, 0.5 mmol, 1 equiv) in THF (10 mL) dropwise, and the resulting reaction mixture was stirred at 0 o C for 2 hours. After quenching by the addition of saturated aqueous solution of ammonium chloride (30 mL), the reaction mixture was diluted with EtOAc (100 mL), and washed thoroughly with water and brine. The organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The resulting residue was used for next step without further purification. To the solution of the residue in THF (10 mL) was added TBAF (1.0 mL, 1.0 mmol, 2 equiv, 1M solution in THF), and the reaction was stirred at room temperature for 1 hour. After completion, the reaction mixture was diluted with EtOAc (50 mL) and washed thoroughly with water and brine. The organic layer was concentrated in vacuo, and the resulting residue was used for next step without further purification. The solution of the residue in diluted sulfuric acid (10 mL, 0.1% v/v) was stirred at 80 o C overnight. After cooled with ice-water bath, the reaction was neutralized with sodium bicarbonate to pH 7 and concentrated in vacuo. The resulting residue was used for next step without further purification.
To an ice-water cooled solution of the residue in pyridine (10 mL) was added acetic anhydride (471 μL, 5.0 mmol, 10 equiv), and the resulting solution was stirred at rt overnight. After completion, the reaction mixture was concentrated in vacuo, and the resulting residue was purified by silica gel flash chromatography (hexanes : ethyl acetate = 2:1) to give 110 mg of compound 37 as a white solid in 53% yield. 1 
